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Abstract 
 
The transmission and reflection spectra from a right-handed chiral sculptured zirconia 
thin film are calculated using the piecewise homogeneity approximation method and 
the Bruggeman homogenization formalism and considering that the dispersion of 
dielectric function happens in non-axial propagation state. First and second Bragg 
peaks were observed in cross-poloraized reflectances and it became clear that 
increasing the azimutal angle affects the spectra of linearly polarized state 
significantly. This is opposite to circularly polarized state.  
Keywords: Chiral  sculptured thin films; Bruggeman formalism; Piecewise homogeneity approximation 
method 
 
1. Introduction 
In obtaining the transmission and reflection spectra for sculptured thin films, the 
relative dielectric constant of the film material at a certain frequency is usually 
considered, and then Bruggeman homogenization formalism is used to estimate the 
relative permittivity scalars. These scalar quantities are assumed constant in the 
procedure of obtaining the transmission and reflection spectra at all frequencies [1-3]. 
However, it is clear that the relative dielectric constant is dependent on the frequency 
and at each frequency it has a particular value. In addition, in most of the papers on 
the dielectric dispersion function effect on remittances (reflection and transmission) of 
sculptured thin films, the simple single-resonance Lorentzian model is used [4-6], 
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while when this model is used there exist some difficulties in obtaining the oscillator 
strengths, resonance wavelengths, and absorption linewidths. 
In our earlier work [7] we repoted the reflectance and transmittance from an axially 
excited chiral sculptured zirconia thin film. The aim of this work is to report on the 
real dispersion effect in chiral sculptured zirconia thin film, by using the experimental 
data of relative dielectric constant of thin film at each frequency [8] and to investigate 
the influence of azimutal and polar angles on these spectra, in conjunction with the 
piecewise homogeneity approximation method and the Bruggeman homogenization 
formalism.  
 
2. Theory 
Assume that the space ( dz ≤≤0 ) is occupied by a chiral sculptured thin film and that 
this film is being excited by a plane wave which propagates with an angle incθ    
relative to z axis and angle incψ  relative to x axis in xy plane.  The phasors of 
incident, reflectance and transmittance electric fields are given by [9]: 
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The magnetic field’s phasor in any region can be obtained from the relation: 
)()()( 10 rEirH ×∇= −ωµ  
where ),( RL aa ,  ),( RL rr  and ),( RL tt  are the amplitudes of incident plane wave, and 
reflectance and transmittance waves with left- or right-handed polariztions. We also 
have; 
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where  0000 /2 λπεµω ==K    is the free space wave number,  0λ    is the free space 
wavelength and 1120 10854.8
−−×= Fmε  and 170 104 −−×= Hmπµ  are the permittivity 
and permeability of free space (vacuum), respectively. The unit vectors for linear 
polarization parallel and normal to the incident plane, s  and p , respectively are 
defined as: 
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and   zyxu ,,  are the unit vectors in Cartesian coordinates system. 
The reflectance and transmittance amplitudes can be obtained, using the continuity of 
the tangential components of electrical and magnetic fields at two interfaces, 0=z  
and dz = , and solving the algebraic matrix equation [9]: 
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0 ε
µη =  is the intrinsic impedance of vacuum. The 4 x 4 matrix  
)],,,([ inczM ψκΩ′ satisfies the differential matrix equation [9]: 
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where in these equations,  τε
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22 sin)/(cos ab+= .  incK θκ sin0=  and  Ω   is the half 
of the periodical structure and cba ,,ε  are the relative permittivity scalars and χ  is the 
rise angle for the CSTF. 
In order to obtain )],,,([ incdM ψκΩ′  the piecewise homogeneity approximation 
method is used. In this method the CSTF is divided into N (a big enough number) 
very thin layers with a thickness of  Ndh /=  (5 nm will suffice). Using the equality 
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of the tangential components of fields at interfaces the matrix )],,,([ incdM ψκΩ′ can 
be estimated [9]: 
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The number of  terms in Eq. (10) can be determined from two converging conditions 
[9]: 
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when transmittance and reflectance amplitudes are obtained from Eq. (4), then we can 
obtain the  reflectance and transmittance coefficients as: 
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The reflectance and transmittance coefficients for planes waves of S and P 
polarization can easily be obtained [10]: 
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The transmittance and reflectance are obtained from: 
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3. Numerical results and discussion 
It was assumed that a right-handed zirconia sculptured thin film in its bulk state is 
formed, which occupies the space in the free space ( 1=n ) with a thickness d .  In 
order to obtain the relative permittivity scalars we used the Bruggeman 
homogenization formalism. In this formalism, the film is considered as a two phase 
composite, vacuum phase and the material (inclusion) phase. These quantities are 
dependent on different parameters, namely, columnar form factor, fraction of vacuum 
phase (void fraction), the wavelength of free space and the refractive index of the 
films material (inclusion). It is considered that each column in a STF consists of a 
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string of small and identical ellipsoids and are electrically small (i.e., small in a sense 
that their electrical interaction can be ignored). Therefore [7]: 
)16(,,,),,,,,,( 0 cbaf
v
b
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vs == σγγγγελεε ττσσ  
where vf  is the fraction of void phase, 
vs,
τγ  is one half of the long axis of the 
inclusion and void ellipsoids, and vsb
,γ  is one half of the small axis of the inclusion 
and void ellipsoids. 
In all calculations the following parameters were fixed; ,20=sτγ,2=sbγ  
,1=vτγ1=vbγ , 6.0=vf , 030=χ , nm162=Ω , Ω= 40d , and a range of wavelengths 
( )nmnm 8502500 −∈λ  was considered, where the refractive index varies from 
2.64599 to 2.17282 for the lowest wavelength to highest wavelength, respectively [8]. 
On the basis of experimental results for the refractive index of zirconia in the 
wavelength region mentioned above the dielectric dispersion function was included in 
the results shown in Figs. 1-4. 
In Fig. 1 the reflectance ),( RLLL RR and transmittance ),( RLLL TT  spectra as a function 
of wavelength 0λ  for 0=incψ  and different incθ are plotted when a plane wave LCP 
incidences on a right-handed zirconia CSTF. LLR increases with incθ for all 
wavelengths and at 090=incθ  the reflectance becomes unity because the 
transmittance LLT   becomes zero. It can be observed that there exist two peaks in each 
RLR  plot (two corresponding troughs can be seen in RLT  plots). These peaks are 
known as the first and the second Bragg peaks.  
The reflectance ),( RRLR RR and transmittance ),( RRLR TT  spectra as a function of 
wavelength 0λ  for 0=incψ  and different  incθ  are plotted in Fig.2, when a plane wave 
RCP incidences on a right-handed zirconia CSTF. Since the structural direction of 
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thin film is the same as the direction of polarization of the incident plane wave, the 
circular Bragg phenomena in each of RRR  spectra and their corresponding trough in 
RRT  plots can be clearly distinguished. There are two peaks (first and second Bragg 
peaks) in LRR  plots similar to RLR  and the corresponding troughs in LRT  spectra. It 
can also be observed that the higher order peaks occur at smaller wavelengths, while 
their intensity is low and cannot be distinguished easily. 
The effect of the linear polarizations (S or P) of the incidence plane wave on the 
Bragg peaks is shown in Figs. 3 and 4, respectively. In Fig.3. a S-polarized plane 
wave is considered to incidence on a right-handed zirconia CSTF, and the resultant 
reflectance ),( PSSS RR and transmittance ),( PSSS TT  spectra are given as a function of 
wavelength 0λ  for 0=incψ  and different  incθ . By increasing the incθ angle the SSR  
increases from zero until at 090=incθ  it reaches to unity (this effect is reversed in    
SST  plots). In PSR  spectra the first and second Bragg peaks and their corresponding 
valleys in PST  spectra  are obvious at 
090<incθ . It can be seen that the first order 
peaks occur at longer wavelengths and in order to observe them one should extend the 
wavelength range above 850 nm. These peaks cannot be observed for 030≤incθ  
either. In Fig. 4 the reflectance ),( PPSP RR and transmittance ),( PPSP TT  spectra as a 
function of wavelength 0λ  for 0=incψ  and different incθ are plotted when a P-
polarized plane wave incidences on a right-handed zirconia CSTF. Two peaks (first 
and second order Bragg peaks) and their corresponding trough can be seen in SPR  and 
SPT  spectra, respectively. In PPR  plot the circular Bragg phenomenon and in PPT  plot 
the corresponding troughs at 090<incθ  appears (this is opposite to SSR ). Therefore, it 
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can be deduced that when a P-polarized plane wave is incidence on a right-handed 
CSTF the interference is more constructive. 
The reflectance ),( RLLL RR and transmittance ),( RLLL TT  spectra as a function of incθ  
and incψ  for a single wavelength of nm4800 =λ , when a plane wave LCP incidences 
on a right-handed zirconia CSTF are given in Fig. 5. From the LLR  plot it can be 
deduced that increasing incψ has no significant influence on reflectance. However, 
increasing the incθ angle will change the value of reflectance from zero until it reaches 
unity at 090=incθ (apart from the fact that in the 00 8060 ≤≤ incθ  region there exist 
some disorders in form of peaks and troughs). The situation is reversed in LLT . 
Consecutive peaks and troughs can be observed in  RLR   plot by increasing, incθ , 
while increasing  incψ  has no effect on the value of reflectance. Finally, the maximum 
value for RLT  is about 0.8. 
Fig. 6 shows the reflectance ),( RRLR RR and transmittance ),( RRLR TT  spectra as a 
function of incθ  and incψ  for a single wavelength of nm4800 =λ , when a plane wave 
RCP incidences on a right-handed zirconia CSTF. The Consecutive peaks and troughs 
are obvious in LRR  plot, but again increasing incψ has no effect on the value of 
reflectance and the maximum value for LRT  is about 0.6. In  RRR   plot a trough can be 
seen in 00 6010 ≤≤ incθ region, while higher reflectance is obtained in other regions. 
In RRT  plot the maximum reflectance is about 0.8 in the region 
00 3010 ≤≤ incθ and at 
lower and higher incθ the reflectance decreases towards zero. 
In Fig. 7 the reflectance  ),( PSSS RR  and transmittance ),( PSSS TT  spectra as a function 
of incθ  and incψ  for a single wavelength of nm4800 =λ , when a S-polarized plane 
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wave incidences on a right-handed zirconia CSTF are given. In this study case it can 
be observed that not only the consecutive peaks and troughs are observed by 
increasing the incθ , but also for 020≤incθ  increasing incψ causes a significant increase 
in the intensity of reflectance, while for 020>incθ  no effect can be observed. 
However, in case of  SST spectra, for  
020<incθ  increasing  incψ  shows a small effect, 
while for the other values of incθ  variation of  incψ  has no effect on SST . In PSR  and 
PST  plots, the peaks and troughs are indicative of the fact that variation of azimutal 
and polar angles have significant effects on the values obtained for PSR  and PST  
spectra. 
Fig. 8 shows the reflectance ),( PPSP RR and transmittance ),( PPSP TT spectra as a 
function of incθ  and incψ  for a single wavelength of nm4800 =λ , when a P-polarized 
plane wave incidences on a right-handed zirconia CSTF. Again it can be observed that 
the peaks and troughs in the SPR  and SPT  plots, indicate that variation of azimutal and 
polar angles have significant effects on the values obtained for SPR  and SPT  spectra. 
In PPR  plot by increasing incθ  not only the consecutive peaks and troughs are 
observed, but also for  020≤incθ  increasing incψ  causes a significant increase in the 
intensity of reflectance, while for 020>incθ  no effect can be observed. In case of  PPT  
spectra, for  020<incθ  increasing incψ  shows a small effect, while for the other values 
of  incθ  variation of  incψ  has no effect on PPT .  
In summary, in this work we have been able to study the reflectance and transmittance 
spectra from a right-handed zirconia CSTF on the basis of experimental data for 
refractive index of zirconia as a function of wavelength in the 250 to 850 nm range, in 
circular and linear polarization states for non-axial propagation. In the spectra of 
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cross-polarized reflectances two peaks (first and second Bragg peaks) and in cross-
polarized transmittance spectra two corresponding troughs for each state of 
polarization are observed. It was also observed that in case of circular polarization 
increasing the azimutal angle has no particular effect on the reflectance and 
transmittance spectra obtained for a single wavelength of 480 nm. However, a 
significant effect was observed in case of linear polarization.  In addition, it should be 
emphasize here that we did not use the simple single-resonance Lorantzian model 
which is usually used in order to describe the dispersion effect of relative dielectric 
permittivity scalar in a CSTF. This was done by using the experimental refractive 
index of zirconia thin film [8] in conjunction with the piecewise homogeneity 
approximation method and the Bruggeman homogenization formalism at each given 
frequency. 
This is because to our opinion it is possible that all layers of the film are not supposed 
to obey from single-resonance Lorentzian model, but they may be subject to double-
resonance [11] or multi-resonance [12,13]. 
 
4. Conclusions 
the piecewise homogeneity approximation method and the Bruggeman 
homogenization formalism at each given frequency were used to compute the 
transmittance and reflectance of a right-handed zirconia CSTF for non-axial 
propagation. This was carried out by considering the refractive index of zirconia at 
each given frequency, individually, in the frequency range of 250 to 850 nm in the 
homogenization formalism. Therefore in this way dispersion of the dielectric function 
was introduced into our calculations. This method directly takes advantage from the 
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experimental relative dielectric constant of thin film and avoids the use of simple 
dispersion model known as single-resonance Lorentzian model.  
Two peaks (first and second Bragg peaks) in the spectra of cross-polarized reflectance 
and two corresponding troughs in the cross-polarized transmittance spectra for each 
state of polarization were obtained. It was also observed that in case of circular 
polarization increasing the azimutal angle has no particular effect on the reflectance 
and transmittance spectra obtained for a single wavelength of 480 nm. However, 
contrary to the circular polarization, a significant effect was observed in case of linear 
polarization.   
    
Acknowledgements 
This work was carried out with the support of the University of  Tehran and the Iran 
National Science Foundation (INSF). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 13
References 
 
  [1] F. Babaei and H. Savaloni, Opt. Commun. (in print) 
  [2] F. Babaei and H. Savaloni, Opt. Commun. (in print)  
  [3] A. Lakhtakia, Microw. Opt. Technol. Lett. 24 (2000) 239. 
  [4] Fei. Wang and A. Lakhtakia, Opt. Commun. 235 (2004) 107. 
  [5] Joseph B. Geddes III and A. Lakhtakia, Opt. Commun. 252 (2005) 307. 
  [6] Fei. Wang and A. Lakhtakia, Opt. Commun. 215 (2003) 79. 
  [7] F. Babaei and H. Savaloni, submitted to  J. Mod. Optics 
  [8] E. D. Palik, Handbook of Optical Constants of Solids(Acadamic   
        press, Newyork,1985). 
  [9] V. C. Venugopal and A. Lakhtakia, Proc. R. Lond. A 456 (2000) 125. 
[10] A. Lakhtakia and R. Messier, Sculptured Thin Films:Nanoengineered 
       Morphology and Optics (SPIE, USA, 2005) Chap9. 
[11] S. Shen and K. E. Oughstun, J. Opt. Soc. Am. B6 (1989) 948. 
[12] P. E. Tannewald and M. H. Seavey, JR., Phy. Rev. 105 (1957) 377. 
[13] A. Arreanz,V. Perez-Dieste and C. Palacio, Phy. Rev. B66 (2002) 075420. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 14
Figure captions 
 
Figure 1. Reflectance and transmittance spectra as a function of wavelength 0λ for 
               0=incψ  and different incθ , when a LCP plane wave incidences on a right- 
                handed zirconia CSTF. a) reflectance; b) transmittance. 
          
Figure 2. Reflectance and transmittance spectra as a function of wavelength 0λ for 
               0=incψ  and different incθ , when a RCP plane wave incidences on a right- 
                handed zirconia CSTF. a) reflectance; b) transmittance. 
 
Figure 3. Reflectance and transmittance spectra as a function of wavelength 0λ for 
               0=incψ  and different incθ , when a S-polarized plane wave incidences on a 
                right-handed zirconia CSTF. a) reflectance; b) transmittance. 
 
Figure 4. Reflectance and transmittance spectra as a function of wavelength 0λ for 
               0=incψ  and different incθ , when a P-polarized plane wave incidences on a 
                right-handed zirconia CSTF. a) reflectance; b) transmittance 
 
Figure 5. Reflectance and transmittance spectra as a function of incθ and incψ for a 
                single wavelength of 480 nm, when a LCP plane wave incidences on a 
                right-handed zirconia CSTF. a) reflectance; b) transmittance 
 
Figure 5. Reflectance and transmittance spectra as a function of incθ and incψ for a 
                single wavelength of 480 nm, when a LCP plane wave incidences on a 
                right-handed zirconia CSTF. a) reflectance; b) transmittance 
 
Figure 6. Reflectance and transmittance spectra as a function of incθ and incψ for a 
                single wavelength of 480 nm, when a RCP plane wave incidences on a 
                right-handed zirconia CSTF. a) reflectance; b) transmittance 
 
Figure 7. Reflectance and transmittance spectra as a function of incθ and incψ for a 
                single wavelength of 480 nm, when a S-polarized plane wave incidences on 
                a right-handed zirconia CSTF. a) reflectance; b) transmittance 
 
Figure 8. Reflectance and transmittance spectra as a function of incθ and incψ for a 
                single wavelength of 480 nm, when a P-polarized plane wave incidences on 
                a right-handed zirconia CSTF. a) reflectance; b) transmittance 
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a) reflectance b) transmittance 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1; F. Babaei and H. Savaloni  
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Fig. 2; F. Babaei and H. Savaloni 
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a) reflectance b) transmittance 
 
 
 
 
 
 
 
Fig. 3; F. Babaei and H. Savaloni  
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a) reflectance b) transmittance 
 
 
 
 
 
 
 
 
Fig. 4; F. Babaei and H. Savaloni  
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a) reflectance b) transmittance 
 
 
 
 
 
 
 
Fig. 5; F. Babaei and H. Savaloni  
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a) reflectance b) transmittance 
 
 
 
 
 
 
 
 
 
 
Fig. 6; F. Babaei and H. Savaloni  
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a) reflectance b) transmittance 
 
 
 
 
 
 
Fig. 7; F. Babaei and H. Savaloni  
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a) reflectance b) transmittance 
  
 
 
 
 
 
 
 
Fig. 8; F. Babaei and H. Savaloni  
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